Objective: The investigation of expression and functional relevance of G-protein coupled receptors in primary aldosteronism (PA) by molecular and clinical studies. Patients and methods: Tissues of 14 aldosterone-producing adenomas (APA), of one unilateral adrenal hyperplasia and of six healthy adult adrenal glands; 12 patients with confirmed PA due to APA; (nZ5), idiopathic hyperaldosteronism (nZ7) and 8 control subjects (C). The tissues were subjected to a quantitative PCR for determination of mRNA expression levels of AT2R1, GIPR, MC2R, GnRHR, LHR, TRHR, TSHR, glucagon-R, V1aR, V2R, and 5-HT4R. The patients and controls were enrolled in a test protocol consisting of stimulation by posture, mixed meal, ACTH, GnRH, TRH, glucagon, vasopressin, and metoclopramide (MCP). Three patients could be analyzed by both studies. A positive response was defined as an aldosterone increase of more than 50% following stimulation. Results: All the tissues revealed AT2R1, MC2R, AVPR, and 5-HT4R mRNA expression. LHR mRNA was found in normal adrenals and 13 adrenal tumors. By contrast with normal adrenals tumorous adrenal tissue expressed GnRHR mRNA (4/15) and TSHR mRNA (1/15). Both the patients and controls responded to posture, ACTH, glucagon, AVP, and MCP. Specific responses were seen in one patient following TRH and three patients following GnRH stimulation. Conclusions: We provide evidence for peptide hormone responsiveness to various peptide hormones in patients with PA, including GnRH and TRH. A good correlation between clinical and molecular testing could be observed, making an involvement of the receptor expressed in PA possible.
Introduction
Primary aldosteronism (PA) is a frequent cause of secondary hypertension with more recent studies providing evidence for aldosterone excess in up to 10% of hypertensive patients (1, 2) . Autonomous production of the mineralocorticoid aldosterone, which was first described in its classical form by Jerome Conn in 1955 (3) , results in sodium retention and potassium depletion with hypertension and low potassium levels as well as concomitant organ damage. Besides the rare familial forms, including the glucocorticoid remediable aldosteronism (familial aldosteronism type 1, FHI) or familial aldosteronism type 2, overt aldosterone secretion in the vast majority of cases is caused by idiopathic bilateral adrenal hyperplasia or non-familial forms of aldosterone-producing adrenal adenoma (APA).
In 1992, the exciting cases of food-dependent Cushing's syndrome have been attributed to adrenal expression of the gastrointestinal inhibitory peptide receptor (GIPR) (4, 5) . Based on these and other clinical and molecular observations, the concept of hypercortisolism caused by peptide hormones other than ACTH has been further substantiated (see (6) for review). In the meantime, a variety of receptors have been identified in adrenal Cushing's syndrome due to ACTH-independent macronodular adrenal hyperplasia (AIMAH), cortisol-producing adenomas and incidentalomas with subclinical Cushing's syndrome (7) (8) (9) (10) . In patients with AIMAH in nearly all tissue samples, expression of at least one ectopic receptor could be demonstrated (7, 8) . These ectopic receptors included those for GIP (4, 5) , LH/hCG (11) (12) (13) , glucagon (9) , b-adrenergic receptors (7, 14) , and interleukin-1 (15) . Furthermore, the overexpression of eutopic receptors could be linked to cortisol production in several cases. Specifically, receptors for angiotensin II (16) , vasopressin (17) (18) (19) , and serotonin (20, 21) could be shown to be involved in the pathogenesis of autonomous cortisol secretion.
The concept of the expression of aberrant peptide hormone receptors in cortisol overproduction has sparked interest for similar investigations in patients with PA. Several receptors have been shown to be expressed in aldosterone-producing adrenal tumors in vitro. These included receptors for LH (22) , GnRH (23) , and vasopressin (24) . Moreover, aldosterone responses to serotoninergic substances via the 5-HT4 receptor have been reported in patients with PA and healthy volunteers (25) (26) (27) .
However, a systematic study investigating multiple stimuli as part of a standardized test protocol including both patients and healthy volunteers is lacking. Therefore, this study was initiated to answer open questions related to functional significance of aberrant hormone responsiveness in PA.
Patients and methods

Patients and tissues
Expression studies Tissues from 14 patients with clinically and histopathologically confirmed APA and from one patient with unilateral adrenal hyperplasia were used for RealTime PCR analysis. The tissues were collected after written informed consent of the patients and after approval by the ethics committee of the Universities of Munich and Freiburg. As a reference six normal adrenal tissues were used. All the tissues were immediately snap frozen in liquid nitrogen after removal and stored at K80 8C.
Clinical studies Six patients with bilateral idiopathic hyperaldosteronism (IHA), one with unilateral adrenal hyperplasia, five patients with APA and eight control subjects were enrolled into the clinical part of the study following written informed consent. The study was approved by the ethics committee of the LudwigMaximilians University of Munich. All patients had newly diagnosed PA. Spironolactone was paused for at least 4 weeks and b-blockers were stopped at least 8 days prior to study entry. Hypokaliemia was corrected at least the day before the test protocol. Diagnosis of PA was established on the basis of a pathological aldosterone to renin ratio and an insufficient suppression of aldosterone following an i.v. sodium load using 2 l of 0, 9% NaCl within 4 h. The classification as APA or IHA was based on the results in the posture test, adrenal imaging by computer tomography (CT) or magnetic resonance imaging (MRI), selective adrenal vein sampling and on histopathological examination of the tissue after adrenalectomy, if performed. The patient with unilateral hyperplasia was operated because of suspected APA by imaging and adrenal vein sampling. Histopathological examination revealed adrenal hyperplasia without a macroadenoma. Following unilateral adrenalectomy, blood pressure and potassium levels completely normalized leading to the diagnosis of unilateral adrenal hyperplasia. The clinical characteristics of the patients are summarized in Table 1 .
Real-time quantitative PCR
Total mRNA was extracted using the SV total RNA isolation kit (Promega). One microgram of RNA was transcribed by an MMLV reverse transcriptase (Promega) with oligo(dT)15-and random hexadeoxynucleotide primers (Promega) mixed 1:1 using the standard protocol provided by the manufacturer and a reaction temperature of 42 8C for 50 min. The cDNA was diluted 1:10 and 2 ml were subjected to PCR. Intron spanning primers were designed by the Universal Probe Library Assay Center (Roche) or the Jellyfish software (Labvelocity, San Francisco, CA, USA). Primer sequences are given in Table 2 . AT2R1 primers were placed within the same exon in such a way that all transcript variants were amplified. A control without RT was included for each sample in that assay. A SYBRgreen based real-time PCR was performed using the iQ SYBR green supermix (BioRad) with 200 nM of each primer on a Statagene Mx3000 instrument (Stratagene, La Jolla, CA, USA). Each PCR consisted of an initial denaturation at 95 8C for 3 min, 40 cycles consisting of 10 s at 95 8C, 30 s at 60 8C and 30 s at 728 followed by a melting curve. For LHR, annealing temperature was 56 8C. A standard curve for quantification was created with cDNA from human pituitary (TRHR, GnRHR), normal adrenals (AT2R1, MC2R, V1aR, V2R, 5-HT4, hPRT (human hypoxanthine phosphoribosyltransferase 1)) or a reference RNA mixture (Stratagene qPCR reference total RNA, human; GIPR, LHR, TSHR, GCGR). Data were evaluated by the MxPro (Statagene) and the Excel software (Microsoft). Results were normalized for expression of hPRT as a housekeeping gene and were expressed relative to the mean mRNA expression levels of six normal adrenals.
Clinical study protocol
The patients and controls participated in a 3-day test protocol, combining eight stimulation tests adapted from the studies by Lacroix et al. (6) . Hypokalemia was corrected at least the day before study entry. On day 1, the subjects remained in a recumbent position from 0500 h until 0800 h when an i.v catheter was placed and two blood samples were collected. Afterwards, the subjects were advised to remain upright until 1215 h. The remaining test protocol was performed in a sitting or standing upright position. A standard mixed meal was served at 1230 h and 250 mg ACTH 1-24 (Synacthen, Novartis) were administered at 1430 h. On day 2, 100 mg GnRH (Relefact LHRH, AventisSanofi, Frankfurt, Germany) was injected at 0815 h, followed by 200 mg TRH (Antepan, Henning, Berlin, Germany) at 1215 h and 1 mg glucagon (GlucaGen, NovoNordisk, Mainz, Germany) at 1445 h. The tests on day 3 were performed after dexamethasone suppression (1 mg dexamethasone at 23 h on day 2 and 0.5 mg at 0800 h on day 3). Ten units of L-arginine-vasopressin (Vasopressin Injection USP, American Regent, Shirley, NY, USA) were injected intramuscularly at 0800 h under close blood pressure monitoring. At 1030 h, 10 mg metoclopramide (MCP; Paspertin, Solvay, Hanover, Germany) were given intravenously. Blood was drawn at least every 30 min with the exception of the posture test where blood samples were obtained at 0845, 1015, and 1215 h. In order to control for physiologic aldosterone changes due to diurnal rhythms an aldosterone day profile without stimulation test was performed in the control subjects. An aldosterone increase of more than 50% 30 or 60 min after stimulation was interpreted as a positive response. Because positive test results might be due to activation of the HPA axis or the renin-angiotensin system, ACTH and renin were measured for those time intervals where an aldosterone increase had been noted.
Hormone assays
EDTA blood was centrifuged and stored at K20 8C until measurement. Aldosterone was measured using a commercial RIA (Coat-a-Count Aldosterone, DPCBiermann, Bad Nauheim, Germany), using a Wallac 1470 Wizard gamma-counter (Perkin-Elmer, Wellesley, MA, USA). ACTH was determined by chemiluminescence (Immulite 2000 ACTH, DPC Biermann, Bad Nauheim, Germany). For renin measurement, an IRMA (Renin III Generation IRMA, CISbio International, Gif-sur-Yvette Cedex, France) was used.
Statistical analysis
All clinical data were analyzed using Excel (Microsoft) and StatView (SAS Institute, Cary, NC, USA). Significance was determined with a Mann-Whitney U test and was assumed for P!0.05.
Results
Quantitative PCR
The results of the quantitative PCR are summarized in Table 3 . Efficiency of all qPCR assays was between 98 and 120% (R 2 O0.98). Positive receptor mRNA expression was assumed for a threshold cycle (ct) below 35 with a plateau after amplification, a single peak in the melting curve without primer dimers and a single specific band on an agarose gel. As expected, AT2R1, MC2R, and 5-HT4R mRNA were abundantly expressed in normal adrenals and tumorous tissues. Furthermore, V1aR and V2R mRNA were detected in all tissues with varying amounts as described previously (17) . LHR mRNA levels were found in all normal adrenals. Of the 15 adenomas, 13 had comparable expression levels, whereas one adenoma showed moderately elevated mRNA expression. Four of the 15 samples exhibited positive GnRHR and one additional tumor TSHR mRNA expression. None of the tissues showed expression of GIPR, TRHR or GCGR. 
Stimulation tests
The time course of the mean aldosterone levels (GS.E.M.) for APA, IHA, and control subjects on the three test days is given in Fig. 1 . Overall, APA patients (baseline aldosterone levels 432G113 pg/ml, meanGS.E.M.) had significantly higher aldosterone levels compared with IHA (102G17 pg/ml) and controls (58G16 pg/ml, P!0.05 and P!0.006 respectively). Dexamethasone suppression on day 3 resulted in significantly lower aldosterone levels in APA patients (from 554G 164 pg/ml to 236G65 pg/ml, P!0.02) in comparison with baseline values from day 2, while no suppression was detectable in controls (118G18 pg/ml and 199G 35 pg/ml, P!0.3). Patients with IHA displayed inconsistent responses upon dexamethasone suppression with increasing or decreasing aldosterone values (decrease from 139G43 pg/ml to 99G21 pg/ml, P!0.9).
The results of the individual stimulation tests are given in detail in Table 4 and a summary is shown in Fig. 2 . During posture, one out of five patients with APA, four out of seven patients with IHA and three out of eight normal subjects showed an increase of aldosterone levels of more than 50% over baseline after 2 h (Table 4) . In all but one patient renin levels were suppressed, even after posture changes. In the remaining APA patient, a moderate rise in renin from 11 to 28 mU/l was not accompanied by a relevant aldosterone increase. By contrast, six out of the eight control subjects showed a renin increase 30 min after posture, resulting in a positive aldosterone response O50% in three control subjects. None of the patients had a positive response to a mixed-meal test, excluding clinically relevant adrenal GIP-R expression in our cohort of patients. As expected, almost all patients (11/12) and all control subjects had an aldosterone increase following ACTH stimulation, with one IHA patient not reaching 50% increase from a high baseline level. One patient with APA and two patients with IHA responded to GnRH stimulation, compared with 0 out of eight controls. One patient with IHA showed a positive response following TRH, compared with 0 out of five APA and 0 out of eight controls. The administration of glucagon resulted in an aldosterone increase O50% in one patient with APA, one patient with IHA and one control subject. Two out of 5 patients with APA and four out of seven patients with IHA had an aldosterone response following AVP, compared with three out of eight control subjects. In accordance with our expression analysis demonstrating 5-HT4R expression in all cases studied, four out of five patients with APA and all patients with IHA had a positive response following MCP, as compared with three out of eight controls. A summary of the results of the stimulation test is shown in Fig. 2 .
To exclude HPA axis stimulation during the test protocol as a relevant cause of aldosterone secretion, ACTH levels were determined at all time points with positive aldosterone response. However, none of the aldosterone responses was preceded or accompanied by a significant increase of ACTH. Dexamethasone treatment on day 3 resulted in readily suppressed ACTH levels (data not shown). Similarly, renin levels remained suppressed in all patients with PA during baseline and specific stimulation tests. Furthermore, no stimulation of renin from baseline values within the lower normal range was seen in the control subjects, excluding a role of renin for the positive responses following AVP and MCP. 
Comparison of clinical and molecular results
Two patients with APA and one with unilateral IHA were included into both parts of the study. In the posture test, one APA and IHA patient showed an aldosterone increase corresponding to the presence of AT2R1 mRNA expression in the tissues, while APA patient five had a diagnostic aldosterone decrease instead of being positive for a AT2R1 mRNA (Table 5 ). All patients responded to ACTH and MCP and had the corresponding receptor expressed. Negative results correlated for mixed meal, TRH, and glucagon stimulation with the lack of GIP-R, TRH/TSH-R, and GCGR expression respectively. Interestingly, one of the patients with positive response to GnRH had very high GnRHR mRNA levels. Another patient with a moderate GnRH response showed also moderate LHR mRNA and the third patient with negative response displayed only very low LHR mRNA expression. The vasopressin response correlated with V1aR and V2R mRNA expression in two patients, while in the remaining, a non-sufficient aldosterone increase of 45% was accompanied by positive receptor expression. Taken together, in the majority of cases, detection of specific peptide receptor expression predicted positive aldosterone response upon defined stimulation testing (Table 5 ).
Discussion
Although APA and IHA are the two most common causes for PA, little is known about the molecular pathogenesis that results in autonomous overproduction of aldosterone in these entities. In adrenal Cushing's syndrome, illicit peptide hormone receptor expression has been demonstrated as the basis for the excessive glucocorticoid secretion in a subset of patients. Similarly, in PA, some studies suggested expression of ectopic or malfunction of eutopic receptors in a subset of patients as the potential cause for autonomous aldosterone production (23) . However, the molecular detection of receptor expression does not necessarily implicate its role in hormone overproduction. Therefore, we applied a quantitative PCR approach and a clinical screening test protocol, adapted from Lacroix et al. (6) , to systematically evaluate the potential role of peptide hormone receptors in PA. Our data provide evidence for a variety of peptide hormone receptors expressed in adrenal tissues with subsequent peptide hormone responsiveness also in the absence of adrenal disease. By contrast, responses to specific stimuli including GnRH and TRH seem to be unique in magnitude to PA as a similar response was not seen in the included normal controls.
As a positive control, we applied the ACTH stimulation test as earlier experiments have indicated high levels of ACTH receptor expression in normal glomerulosa cells as well as in APAs and IHA (28, 29) . In accordance with these results, we could demonstrate high MC2R mRNA expression levels and ACTH responsiveness of aldosterone secretion in all cases studied. Similarly and as expected from its physiological role in aldosterone regulation, all tissue samples showed AT2R1 mRNA expression. Basis for the role of the Figure 1 Mean aldosterone levels of APA (black triangles), IHA (black squares), and control subjects (white circles) during the three test days in pg/ml (GS.E.M). The administration of the test substances is indicated with arrows. Control: mean aldosterone levels of the control subjects without stimulation.
posture test in the differential diagnosis of PA is the predominant dependence of aldosterone response to ACTH in APA and to ATII in IHA although the specificity of the test is compromised by commonly observed ATII responsiveness of Conn adenomas (30). Accordingly, four out of five APA in our study displayed decreasing aldosterone levels following posture. By contrast, five out of the seven patients with IHA showed the expected aldosterone increase, with three patients having a positive aldosterone response with respect to the predefined test criteria while two patients showed a decline in aldosterone during the posture test. As all tissues studied by PCR displayed robust expression of both MC2R and AT2R1 mRNA, measurement of expression levels of these receptors is unlikely to predict posture test results. Moreover, active renin concentration in our patients suggested suppressed renin angiotensin system without an increase of renin concentrations following posture even in patients with positive aldosterone response. By contrast, six out of eight controls displayed an increase in renin activity upon posture that was accompanied by an aldosterone increase in three out of eight after 2 h. Thus, the molecular basis of the individual aldosterone response following the posture test is complex and might well involve other signaling pathways i.e. beta-adrenergic stimulation.
5-HT4 receptors are present in the normal adrenal cortex (26) and in the adrenals of patients with AIMAH (20) . Accordingly, a strong stimulating effect of serotonergic substances have been described for aldosterone secretion and to a weaker degree for cortisol secretion (31, 32) . Furthermore, in vitro and in vivo studies have demonstrated the presence of 5-HT4 receptors in APA (23, 27) . In accordance with these results, we confirmed a strong 5-HT4R mRNA expression by quantitative PCR and a positive response to metoclopamide in all APA and IHA patients as well as in roughly half of the control subjects, providing indirect evidence for a high frequency of 5-HT4R expression in adrenal tissues. Independent of autonomous aldosterone secretion, these mechanisms might modulate blood pressure and fluid homeostasis regulation.
The effects of vasopressin on cortisol (33) and short term aldosterone release are well established (34) and V1aR are present in normal adrenal tissue, in cortisol-producing adrenal adenomas, AIMAH as well as in aldosteronomas (19, 24, 35) . In addition, AVP stimulates central ACTH secretion (36) , which in turn can modulate aldosterone release. Moreover, vasopressin secretion by chromaffin cells has been suggested to influence aldosterone synthesis in a paracrine manner (37) . Vasopressin plays a role in fluid homeostasis and is activated following posture changes. Therefore, an interdependence of vasopressin and aldosterone in fluid and salt homeostasis is likely to occur. In accordance with these results, V1aR and V2R mRNA were detectable in all tumors and a positive aldosterone response could be observed in two out of five patients with APA, with the remaining three patients not reaching 50% due to high baseline levels. In addition, three out of seven patients with IHA and three out of eight control patients had a positive response. ACTHmediated aldosterone stimulation by AVP was excluded by dexamethasone suppression with ACTH levels being suppressed throughout the stimulation. Taken together, vasopressin is likely to play an important role in modulating aldosterone response under physiologic and pathophysiologic conditions also through ACTHindependent mechanisms. One patient with IHA displayed a strong aldosterone increase following TRH stimulation. Interestingly, TSH has been found to stimulate cAMP production in vitro in rat and human adrenocortical primary cancer cells (38, 39) . Furthermore, TSHR mRNA has been demonstrated in normal adrenal tissue (40) . In vivo, no TRH or TSHdependent adrenal stimulation has been reported to date. Unfortunately, we were not able to investigate the tissue of the patient for TRHR or TSHR expression. However, during our expression profiling study, we found one additional APA tissue to be positive for TSHR. These results warrant further investigation as they imply potential aldosterone responsiveness to TRH or TSH in a subset of patients.
Three patients responded to GnRH, suggesting the expression of LH or GnRH receptors. LH receptors are expressed in normal adrenal tissue in low amounts, as could be confirmed by our quantitative PCR. Recently, Saner-Amigh et al. investigated 18 APA for LH receptor expression using microarray experiments. They found one tumor with a 2400-fold mRNA overexpression of the receptor and eight other tumors with moderately elevated LH-R levels compared with normal adrenal samples. Furthermore, they demonstrated that overexpression of LH receptor mRNA in NCI H295 cells stimulated CYP11B2 expression, substantiating the involvement of LH receptor-dependent pathways as a potential cause of aldosterone excess at least in individual patients (22) . Extending on their findings, the same group showed GnRHR expression in 11 out of 28 APA but only 1 out of 13 cortisol-producing adenomas (23) . These results are supported by our quantitative PCR showing GnRHR expression in 4 out of 15 tissues, including one patient with clinical response Table 5 Correlation of clinical and molecular results for the three patients involved in both study parts. www.eje-online.org displaying a 329-fold GnRHR mRNA overexpression. LHR mRNA was expressed in low amounts in 14 out of the 15 tissues with elevated expression compared with normal adrenal tissue in only one case. Taken together, these results support the concept of LH-or GnRHdependent aldosterone secretion in a subset of patients with APA and IHA. All patients included in the clinical part of the study had severe hypertension. The study protocol was performed after discontinuation of spironolactone and b-blockers in the course of routine diagnostics for PA. After this diagnostic workup, medical therapy with spironolactone or surgical adrenalectomy was performed as soon as possible. Therefore, further testing for confirmation and characterization of the receptors was impossible.
In summary, aldosterone secretion seems to be susceptible to stimuli by various peptide hormones as suggested by clinical and molecular testing. For our limited number of cases, a close correlation of both test results could be observed, making a relevant influence of the stimuli possible. In particular, the role of GnRHR and TSHR has to be further substantiated, as these could be detected exclusively in adrenal tumors, but not in control subjects.
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